Extracellular vesicles, such as exosomes, have recently been recognized as mediators of cell communication \[[@r1], [@r2]\]. Exosomes are lipid bilayer vesicles with a diameter of about 40--100 nm, and they are released into the extracellular environment by the fusion of multivesicular bodies with the plasma membrane \[[@r3],[@r4],[@r5]\]. The secretion of exosomes was initially considered as a way for cells to excrete their waste molecules \[[@r6]\]; however, it has recently been shown that exosomes contain mRNAs and micro RNAs (miRNAs), and that these exosome-transported molecules could be translated into proteins or affect translation in target cells \[[@r7], [@r8]\]. Therefore, exosomes are now considered mediators of cell communication.

The presence and functions of extracellular vesicles, including exosome-like vesicles, have been reported in the ovarian follicular fluid of several mammalian species \[[@r9],[@r10],[@r11]\]. In horses, follicular exosome-like vesicles affect the expression levels of transcripts related to transforming growth factor-β (TGF-β)/bone morphogenetic protein (BMP) signaling in mural granulosa cells (MGCs) \[[@r12], [@r13]\]. Exosome-like vesicles in human follicular fluid contain miRNAs that may regulate biological pathways critical for follicular growth and oocyte maturation \[[@r11]\]. Moreover, exosome-like vesicles in bovine follicular fluid can support the expansion of cumulus cells, at least *in vitro* \[[@r14]\]. Therefore, exosome-like vesicles in ovarian follicles seem to be regulators of ovarian function by targeting at least granulosa cells \[[@r15], [@r16]\].

Cumulus expansion, also known as cumulus mucification, is a process required for normal ovulation \[[@r17]\]. *In vivo*, cumulus expansion is triggered by a luteinizing hormone (LH) surge, the intrafollicular signals of which are mediated by the signal of epidermal growth factor (EGF)-like peptides produced by MGCs \[[@r18], [@r19]\]. Cumulus expansion could be experimentally induced in cumulus-oocyte complexes (COCs) *in vitro* by stimulating with EGF or follicle-stimulating hormone (FSH) \[[@r20], [@r21]\]. Deficiency in cumulus expansion results in a reduced ovulation rate and subsequent female infertility. Therefore, cumulus expansion is a critical event for maintaining the normal fertility of females.

As mentioned above, exosome-like vesicles isolated from bovine follicular fluid are capable of promoting the expansion of COCs *in vitro* \[[@r14]\]. This suggests the presence of a novel mechanism regulating cumulus expansion and hence the possible involvement of exosome-like vesicles in the maintenance of female fertility in this species; however, whether this is the case in other mammalian species is not known.

In the present study, we aimed to investigate whether follicular exosome-like vesicles are capable of inducing cumulus expansion in pigs. Since the presence of exosome-like vesicles has never been assessed in ovarian follicles of pigs, we first confirmed the presence of exosome-like vesicles in porcine follicular fluid (pFF). Next, we assessed the effects of exosome-like vesicles isolated from pFF on cumulus expansion of COCs *in vitro*.

Materials and Methods {#s1}
=====================

Collection of pFF and cells
---------------------------

Porcine ovaries of prepubertal gilts were collected at a commercial slaughterhouse (Tokyo Shibaura Zouki, Tokyo, Japan) and transported to our laboratory at approximately 37°C in saline. pFF was collected from antral follicles 2--5 mm in diameter as previously reported \[[@r22]\].

Porcine COCs and MGCs were collected from antral follicles 2--5 mm in diameter as previously reported \[[@r23],[@r24],[@r25]\].

Isolation of exosome-like vesicles from pFF
-------------------------------------------

Before exosome-like vesicle isolation was carried out, pFF was centrifuged at 2,000 × *g* at 4°C for 30 min and then at 12,000 × *g* at 4°C for 45 min, followed by filtration through a 0.22-μm membrane (Merck Millipore, Darmstadt, Germany) to remove cells and debris. After the filtration, the pFF samples were stored at --80°C until they were processed for further analysis. A fraction that potentially contained exosomes (hereafter, "exosomal fraction") was isolated from the filtered pFF samples using a Total Exosome Isolation (from serum) reagent (Life Technologies, Carlsbad, CA, USA) and centrifugation according to the manufacturer′s protocol. For culture experiments, isolated exosomal fractions were resuspended in a volume of culture medium that was double of the original volume of pFF, and immediately used for cultures (described below).

Transmission electron microscopy (TEM) observations of the exosomal fraction
----------------------------------------------------------------------------

The exosomal fraction isolated from pFF was resuspended in NaHCa buffer (30 mM HEPES, 100 mM NaCl, 2 mM CaCl~2~, pH 7.4). The resuspended exosomal fraction was applied on a 200-mesh copper microgrid covered with a formvar support film, which had been pre-treated with soft plasma etching equipment (SEDE-AF, Meiwafosis, Tokyo, Japan) to obtain a hydrophilic surface. The microgrid was electron-stained with 1% uranium acetate solution for 10 min and then with lead acetate solution for 10 min. Finally, the microgrid was observed with a transmission electron microscope (JEM-1010; JEOL, Tokyo, Japan).

For cryogenic TEM (Cryo-TEM), the resuspended exosomal fraction in NaHCa buffer was applied on a 200-mesh copper microgrid that had been pre-treated with a glow-discharger (HDT-400, JEOL) to obtain a hydrophilic surface. The microgrid was immediately plunged into liquid propane using a specimen preparation machine (EM CPC; Leica) and then transferred to a cryo-transfer holder (Model 626-DH; Gatan, Pleasanton, CA, USA). Finally, the microgrid was observed with a transmission electron microscope (JEM-3100FEF; JEOL) at an acceleration voltage of 300 kV in zero-loss imaging mode. The temperature of the microgrid was maintained below --140°C during the observation.

Western blot analysis
---------------------

Proteins were isolated from the exosomal fraction and MGCs using TRIZOL Reagent (Life Technologies) according to the manufacturer′s protocol, and were resuspended in 8 M urea buffer (8 M urea, 10 mM dithiothreitol, 50 mM Tris(hydroxymethyl)aminomethane, pH 8.0). Laemmli buffer \[[@r26]\] was added to each sample and immediately boiled for 5 min. Western blot analysis was conducted as previously reported \[[@r27]\]. The primary antibodies used were anti-HSC70 antibody (MAB2191; Abnova, Taipei, Taiwan), anti-ACTB antibody (GTX109639; GeneTex, CA, USA), and anti-CYCS antibody (sc-13156; Santa Cruz Biotechnology, Texas, USA), and the secondary antibodies used were horseradish peroxidase conjugated anti-rabbit IgG (AP132P; Merck Millipore), anti-rat IgG (81-9520; Invitrogen), and anti-mouse IgG antibodies (115-035-044; Jackson ImmunoResearch, West Grove, PA, USA). Signals were visualized using an Immunostar LD Kit (Wako, Tokyo, Japan) and the C-DiGit Blot Scanner and Image Studio for C-DiGit (LI-COR, Lincoln, NE, USA) according to the manufacturer′s protocols.

RNA profiling using a bioanalyzer
---------------------------------

Total RNA was extracted using the miRCURY^TM^ RNA Isolation Kit - Cell & Plant (Exiqon, Vedbæk, Denmark) according to the manufacturer′s protocol. The concentration of isolated total RNA was determined using a NanoDrop Lite spectrophotometer (Thermo Scientific, Hudson, NH, USA). The total RNA profiles were visualized by using an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and Agilent RNA6000 Pico Kit (Agilent Technologies). In addition, the miRNA (10--40 nt) concentrations were analyzed by using an Agilent 2100 bioanalyzer (Agilent Technologies) and Agilent Small RNA Kit (Agilent Technologies) according to the manufacturer′s protocols.

Assessing the incorporation of exosome-like vesicles into MGCs or COCs
----------------------------------------------------------------------

To assess the incorporation of follicular exosome-like vesicles into cells, the exosomal fraction isolated from pFF was labeled with green florescent PKH67 dye (Sigma-Aldrich, St. Louis, MO, USA) and washed with successive centrifugations according to the manufacturer′s protocol. PKH67 dye without the exosomal fraction was subjected to the same procedure for the negative control treatment. Minimum essential medium alpha (MEMα) (Life Technologies) supplemented with 75 μg/ml penicillin G, 50 μg/ml streptomycin sulfate, and 3 mg/ml bovine serum albumin (BSA; Sigma-Aldrich) was used as the culture medium for MGCs. Modified North Carolina State University-37 medium (mNCSU-37) was used as the culture medium for porcine COCs. All the cultures were maintained at 38°C and 5% CO~2~ in air.

MGCs were re-suspended in the MGC-culture medium supplemented with 5% fetal bovine serum (FBS), and 2.0 × 10^5^ viable cells were plated on 18 × 18 mm cell culture cover glasses (Matsunami Glass Ind, Osaka, Japan) placed in a 35-mm dish (100-035; Iwaki, Chiba, Japan). Then, MGCs were cultured for 24 h to induce attachment to the cover glasses. After the culture, the medium was exchanged for the MGC culture medium containing the PKH67-labeled exosomal fraction, and the MGCs were cultured for an additional 24 h. To assess the incorporation of follicular exosome-like vesicles into COCs, COCs were placed in 1 well of a 4-well plate (SPL Life Sciences, Seoul, Korea) in a COC-culture medium supplemented with 10 IU/ml equine chorionic gonadotropin (eCG) (ASKA Pharmaceutical, Tokyo, Japan), 10 IU/ml human chorionic gonadotropin (ASKA Pharmaceutical), 1 mM *N*^6^,2′-*O*-dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt (Sigma-Aldrich), and the PKH67-labeled exosomal fraction, and cultured for 24 h.

After the culturing with the PKH67-labeled exosomal fraction, cells were washed twice in PBS, fixed with paraformaldehyde (163-20145; Wako, Osaka, Japan), and subsequently, treated with 10 μg/ml ribonuclease (DNase free) glycerol solution (312-01931; Wako), and 0.1% Triton X-100 (Wako). Cells were counterstained with propidium iodide (PI) (PK-CA707-40016; PromoCell, Heidelberg, Germany) for MGCs and with 4′,6-diamidino-2-phenylindole (DAPI) for COCs, and then mounted using Permount mounting medium (SP15-100; Fisher Scientific, Pittsburgh, PA, USA). Observations were performed using a laser scanning confocal microscope (LSM700; Carl Zeiss, Oberkochen, Germany) and imaged with LSM-700 ZEN software (Carl Zeiss). A z-stack image was generated by collecting a series of images at 5.02-µm intervals. The negative control experiment gave no signal.

Induction of cumulus expansion by porcine or mouse COCs in vitro
----------------------------------------------------------------

To assess the effects of follicular exosome-like vesicles on the expression levels of the expansion-related transcripts in porcine COCs *in vitro*, porcine COCs were cultured in mNCSU-37 medium with or without supplementation of 100 ng/ml FSH and/or the exosomal fraction and cultured for 6 h. In the experiment assessing the degree of cumulus expansion, 1% FBS was added to the culture medium, because a serum-derived inter-alpha-trypsin inhibitor is required to stabilize the expansion *in vitro* \[[@r28]\]. The possibility that FBS may contain some exosome-like vesicles should not affect the results of this study, because 1% FBS was supplied to both control (without exosome-like vesicles) and experimental (with exosome-like vesicles) groups. The degree of cumulus expansion was assessed after 44 h of culture.

To assess the effects of follicular exosome-like vesicles on the degree of cumulus expansion by mouse COCs, COCs were collected from the ovaries of 3-week-old (C57/BL6 6 × DBA/2) F1 female mice (Sankyo Labo Service, Tokyo, Japan) that had been injected with 5 IU of eCG 45--47 h earlier. Then, mouse COCs were cultured in MEMα containing 75 μg/ml penicillin G, 50 μg/ml streptomycin sulfate, and 3 mg/ml BSA with or without supplementation of 100 ng/ml FSH, 10 ng/ml EGF, and/or the exosomal fraction isolated from pFF. The expression levels of the cumulus expansion-related transcripts in COCs were assessed after 6 h of culture, and the degree of cumulus expansion was assessed after 14 h of culture. To stabilize the expansion, 1% FBS was added in the culture medium in the experiment assessing the degree of cumulus expansion \[[@r28]\]. All animal protocols were approved by the Animal Care and Use Committee of the University of Tokyo.

Isolation of total RNA, reverse transcription, and quantitative PCR for mRNAs
-----------------------------------------------------------------------------

Real-time PCR analysis was conducted as previously reported \[[@r25]\]. Briefly, total RNA was extracted from COCs using a ReliaPrep^TM^ Cell Miniprep System (Promega) and reverse-transcribed using a ReverTraAce qPCR Master Mix with gDNA Remover (Toyobo, Osaka, Japan) according to the manufacturer′s protocols. Real-time PCR reactions were performed using a THUNDERBIRD qPCR Mix (Toyobo) and an ABI Step One Plus real-time PCR system (Applied Biosystems) according to the manufacturer′s protocols. The expression levels of mRNAs were normalized to the levels of a house-keeping gene, ribosomal protein L19 (*RPL19*), by the 2^--ΔΔCt^ method \[[@r29]\]. To avoid false-positive signals, dissociation-curve analyses were performed at the end of the analyses, and the PCR products were subjected to agarose gel electrophoresis to confirm the single amplification and sizes of the products. The PCR primers were used according to previous reports \[[@r25], [@r30], [@r31]\]. The ranges of amplification efficiencies were 92--97% and 88--90% for primers used to amplify cDNA from pigs and mice, respectively.

Statistical analysis
--------------------

All experiments were repeated at least 3 times. Student′s *t*-test was used for paired comparisons. A P-value of \< 0.05 was considered statistically significant.

Results {#s2}
=======

Detection of exosome-like vesicles in pFF
-----------------------------------------

To investigate whether exosome-like vesicles are present in pFF, the exosomal fraction was isolated from pFF using a commercially available exosome isolation reagent. TEM observation using the negative staining method revealed that vesicles about 100 nm in diameter were present in the exosomal fraction isolated from pFF ([Fig. 1A and B](#fig_001){ref-type="fig"}Fig. 1.Detection and characterization of exosome-like vesicles isolated from porcine follicular fluid. (A--C) Representative photographs of vesicles in the exosomal fraction isolated from pFF observed using TEM with the negative-staining method (A, lower magnification; B, higher magnification) or cryo-TEM (C). The scale bars indicate 200 nm (A), 50 nm (B) and 100 nm (C), respectivelty. (D) Western blotting analysis for HSC70, ACTB, and CYCS. MGC, mural granulosa cells; Exo, exosomal fraction. Profiles of total RNAs isolated from MGCs and the exosomal fraction (Exo) were visualized using a bioanalyzer with either an Agilent RNA6000 Pico Kit (E) or Agilent Small RNA Kit (F), which is designed for profiling smaller RNAs (less than 150 bases). The representative electropherograms show the size distribution in nucleotides (nt) and fluorescence intensity in fluorescence intensity units (FU). (G) Micro RNA contents in total RNAs isolated from MGCs and the exosomal fraction (Exo) on the basis of small RNA profiles shown in (F). Values are shown as the means ± SEM of independent experiments repeated 3 times. The asterisk denotes a significant difference between the 2 indicated groups (P \< 0.05).). Moreover, round-shaped vesicles of about 100 nm diameter were clearly observed by cryo-TEM ([Fig. 1C](#fig_001){ref-type="fig"}), which enables the in situ visualization of vesicle structure in water \[[@r32]\]. These vesicles observed by TEM and cryo-TEM exhibited structures similar to those of exosomes in porcine breast milk and the follicular fluid of other mammalian species \[[@r9], [@r10], [@r33]\].

Several proteins, such as heat shock protein 70 (HSC70) and beta actin (ACTB), have been reported as markers of exosomes, whereas exosomes do not contain mitochondrial proteins such as cytochrome C (CYCS) because of the biogenesis pathway of exosomes \[[@r6], [@r34]\]. Therefore, we next examined the presence of these exosomal markers (HSC70 and ACTB) and the absence of CYCS (i.e., the absence of contamination of apoptotic bodies or cell debris) in the exosomal fraction isolated from pFF. As shown in [Fig. 1D](#fig_001){ref-type="fig"}, HSC70 and ACTB were detected in both MGCs and the exosomal fraction; whereas CYCS was detected only in MGCs but not in the exosomal fraction. This result strongly suggests that the exosomal fraction was free from apoptotic bodies or cell debris.

In general, the RNA profiles in exosomes are characterized by the enrichment of small RNAs and absence of ribosomal RNAs \[[@r35], [@r36]\]. Therefore, we next compared the profiles of RNA content between MGCs and the exosomal fraction isolated from pFF. Total RNAs were extracted from MGCs or the exosomal fraction, and the RNA profiles were analyzed by a bioanalyzer ([Fig. 1E](#fig_001){ref-type="fig"}). The RNAs isolated from MGCs exhibited RNA profiles typical of those observed in cells in general, with 2 clear peaks of ribosomal RNAs (18S and 28S) \[[@r37]\]. On the other hand, the RNAs isolated from the exosomal fraction were enriched in smaller RNAs, and the peaks of ribosomal RNAs were not observed. Moreover, the miRNA content in RNAs isolated from the exosomal fraction was significantly higher than that in RNAs isolated from MGCs ([Fig. 1F and G](#fig_001){ref-type="fig"}). These RNA profiles observed in the total RNA isolated from the exosomal fraction were consistent with those of exosomes reported previously \[[@r37]\].

Taken together, these results show that vesicles with the characteristics of exosomes are present in pFF.

Incorporation of exosome-like vesicles into MGCs and cumulus cells in vitro
---------------------------------------------------------------------------

To investigate whether exosome-like vesicles isolated from pFF are incorporated into follicular cells, MGCs and COCs were co-cultured with exosome-like vesicles labeled with green fluorescence dye (PKH67), and the cells were observed by confocal microscopy. As shown in [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Incorporation of exosome-like vesicles into MGCs and cumulus cells *in vitro*. MGCs (A--D) and COCs (E--G) were cultured with PKH67-labeled exosome-like vesicles for 24 h, and observed using a confocal fluorescence microscope. MGCs and COCs were counterstained with PI (B) and DAPI (F), respectively. Bars indicate 10 μm (A--D) and 20 μm (E--G). A z-stack image was generated from the cells shown in A--C by collecting a series of images captured at 0.52-µm thickness intervals (D). Arrowheads indicate PKH67-labeled exosome-like vesicles that were taken up by MGCs (A--D) and cumulus cells (E--G)., green fluorescent foci were detected in the cytoplasm of both MGCs ([Fig. 2A--D](#fig_002){ref-type="fig"}) and cumulus cells ([Fig. 2E--G](#fig_002){ref-type="fig"}). A z-stack image showed that the exosome-like vesicles labeled with PKH67 were located within the cytoplasm of the MGCs and thus, they are not simply attached to the cell surface ([Fig. 2D](#fig_002){ref-type="fig"}). These results showed that exosome-like vesicles labeled with PKH67 were incorporated into MGCs and cumulus cells *in vitro*. On the other hand, the incorporation of exosome-like vesicles was not observed in oocytes cultured as COCs (not shown).

Effect of exosome-like vesicles on the expansion of porcine COCs in vitro
-------------------------------------------------------------------------

Next, we tested whether exosome-like vesicles isolated from pFF could induce cumulus expansion of COCs *in vitro*. Porcine COCs were co-cultured with the exosomal fraction isolated from pFF with or without FSH, and the degree of cumulus expansion was assessed after 44 h of culture ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Effect of exosome-like vesicles on cumulus expansion and expression levels of the cumulus expansion-related transcripts in porcine COCs. (A) Representative photographs of porcine COCs cultured with or without the exosomal fraction (Exo) in the presence or absence of FSH for 44 h. Bar, 100 µm. (B) Expression levels of the cumulus expansion-related transcripts (*HAS2*, *PTGS2*, and *TNFAIP6*) in COCs cultured for 6 h with or without the exosomal fraction (Exo) in the presence (white bars) or absence (black bars) of FSH. Values are shown as the means ± SEM of independent experiments repeated 3 times. The mean values of the expression levels in COCs not treated with the exosomal fraction or FSH were set to 1. The asterisk denotes significant differences between the indicated groups (P \< 0.05). n.s., not significant.). For this experiment, the FSH-induced expansion was used as a positive control of the cumulus expansion as well as expression of the cumulus expansion-related transcripts, because porcine COCs in our experimental model did not respond well to the EGF signal (data not shown), as has also been reported by another group \[[@r38]\].

As shown in [Fig. 3A](#fig_003){ref-type="fig"}, a slight expansion was observed in COCs cultured with the exosomal fraction for 44 h; however, the degree of expansion was not comparable to the FSH-induced cumulus expansion. Moreover, no difference in the degree of cumulus expansion was observed between COCs treated with FSH alone and those co-treated with both the exosomal fraction and FSH ([Fig. 3A](#fig_003){ref-type="fig"}).

Several transcripts, such as those encoding hyaluronan synthase 2 (HAS2), prostaglandin-endoperoxide synthase 2 (PTGS2), and tumor necrosis factor alpha-induced protein 6 (TNFAIP6), are known to be required for the normal expansion process \[[@r39],[@r40],[@r41],[@r42],[@r43]\]. Therefore, we next assessed the expression levels of these cumulus expansion-related transcripts in COCs ([Fig. 3B](#fig_003){ref-type="fig"}).

As shown in [Fig. 3B](#fig_003){ref-type="fig"}, the expression levels of the cumulus expansion-related transcripts were not significantly affected by the supplementation of the exosomal fraction. Interestingly, when co-treated with FSH, COCs co-cultured with the exosomal fraction expressed significantly higher levels of *HAS2* and *TNFAIP6* transcripts compared to those treated with FSH alone. On the other hand, the *PTGS2* transcript levels were not affected by the supplementation of the exosomal fraction ([Fig. 3B](#fig_003){ref-type="fig"}).

Therefore, by themselves, exosome-like vesicles in pFF are not efficient in promoting the expression of the cumulus expansion-related transcripts or inducing cumulus expansion by porcine COCs. However, exosome-like vesicles in pFF may have supportive effects on cumulus expression, at least under the present culture conditions.

Effect of exosome-like vesicles of pFF on the expansion of mouse COCs in vitro
------------------------------------------------------------------------------

In the previous study in cattle \[[@r14]\], exosome-like vesicles isolated from bovine follicular fluid promoted cumulus expansion by mouse COCs without stimulation with any ligands (i.e., FSH or EGF). Therefore, we next examined whether the exosomal fraction isolated from pFF is also capable of promoting cumulus expansion by mouse COCs *in vitro* ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Effect of exosome-like vesicles on cumulus expansion in mouse COCs. (A) Representative photographs of mouse COCs cultured with or without the exosomal fraction (Exo) in the absence or the presence of FSH or EGF for 14 h. Bar, 100 µm. (B) Expression levels of the cumulus expansion-related transcripts (*Has2*, *Ptgs2*, and *Tnfaip6*) in mouse COCs cultured for 6 h with or without the exosomal fraction (Exo) in the absence (black bars) or presence of FSH (white bars) or EGF (gray bars). Values are shown as the means ± SEM of independent experiments repeated 3 times. The mean values of the expression levels in COCs not treated with the exosomal fraction, FSH, or EGF were set to 1. n.s., not significant.).

Supplementation of the exosomal fraction had no effect on cumulus expansion in the absence of FSH or EGF ([Fig. 4](#fig_004){ref-type="fig"}). The FSH or EGF treatment promoted cumulus expansion of mouse COCs, but the degree of the expansion was not affected by co-treatment with the exosomal fraction isolated from pFF ([Fig. 4A](#fig_004){ref-type="fig"}). Moreover, the expression levels of the cumulus expansion-related transcripts (*Has2, Ptgs2*, and *Tnfaip6*) were not significantly affected by the supplementation of the exosomal fraction in mouse COCs with or without FSH/EGF treatments ([Fig. 4B](#fig_004){ref-type="fig"}). Therefore, porcine follicular exosome-like vesicles are not capable of promoting cumulus expansion of mouse COCs *in vitro*.

Discussion {#s3}
==========

This study demonstrated the presence of exosome-like vesicles in follicular fluid in pigs. Exosome-like vesicles isolated from pFF were incorporated into both MGCs and cumulus cells *in vitro*. Moreover, exosome-like vesicles in pFF were found to be inefficient in inducing the expression of cumulus expansion-related transcripts or the expansion of porcine or mouse COCs. Therefore, in contrast to the report in cattle, we found that follicular exosome-like vesicles do not efficiently induce cumulus expansion in pigs.

The results of the present study in pigs showed that exosome-like vesicles in follicular fluid are not efficient in inducing expansion of cumulus cells. However, exosome-like vesicles have been found to efficiently induce cumulus expansion in cattle \[[@r14]\]. Moreover, while bovine exosome-like vesicles are capable of inducing cumulus expansion in mouse COCs \[[@r14]\], exosome-like vesicles in pFF are not. Therefore, the mechanisms regulating cumulus expansion might differ between these mammalian species. Since many differences have already been reported in the mechanism controlling cumulus expansion \[[@r44],[@r45],[@r46],[@r47],[@r48]\], it is possible that the involvement of exosome-like vesicles in cumulus expansion is species-dependent. However, it is important to note that the difference in the methods used to isolate exosome-like vesicles (ultracentrifugation versus isolation reagent) or differences in the culture system may also account for these differences.

Although exosome-like vesicles isolated from pFF upregulated the expression levels of *HAS2* and *TNFAIP6* in the presence of FSH, the physiological relevance of this finding needs to be carefully determined, because cumulus expansion *in vivo* is induced by EGF-like peptides rather than by FSH \[[@r18], [@r19]\]. We used FSH-induced expansion as a positive control of cumulus expansion in this study, because the COCs in our experimental model do not respond to EGF signals \[[@r38]\]. Further studies testing the effects of exosome-like vesicles on the cumulus expansion stimulated by EGF/EGF-like peptides in pigs are warranted.

How did exosome-like vesicles isolated from pFF promote the FSH-induced *HAS2* and *TNFAIP6* expression in COCs in the present study? It is unlikely that there was any contamination with ligands that could directly activate EGF/FSH signaling in the exosomal fraction, because the exosomal fraction had no effects on cumulus expansion or the expression of related transcripts by mouse COCs. A normal degree of cumulus expansion and expression of the related transcripts requires the activation of mitogen-activated protein kinase 3/1 (MAPK3/1) (also known as extracellular signal-related protein kinase 1/2 (ERK1/2)) \[[@r18], [@r49]\] and SMAD signals \[[@r50],[@r51],[@r52],[@r53]\]. Interestingly, there are several reports that exosomes are able to activate these signals in targeted cells. For example, exosomes derived from gastric cancer promote tumor cell proliferation through MAPK/ERK activation \[[@r54]\] and trigger the differentiation of mesenchymal stem cells by activating SMAD signaling \[[@r55]\]. Therefore, it is possible that exosome-like vesicles isolated from pFF promoted the expression of *HAS2* and *TNFAIP6* by enhancing these signaling pathways, at least in the present culture system.

The present results showed that the follicular exosome-like vesicles were incorporated not only into cumulus cells but also into MGCs. This indicates that exosome-like vesicles may possess some effects on MGCs as well as cumulus cells in pigs. A previous study in horses suggested that follicular exosome-like vesicles affect the expression levels of transcripts related to TGF-β/BMP signaling in MGCs by transferring miRNAs to MGCs \[[@r12], [@r13]\]. The present results also identified that small RNAs, including miRNAs, were enriched in the exosomal fraction. In addition, our preliminary study using RNA sequencing identified many miRNAs in the exosomal fraction (not shown). Therefore, a similar mechanism that regulates MGC function through miRNA transfer may exist in porcine follicles. In addition to miRNAs, the enrichment of relatively smaller RNAs (\< 2000 bases) was identified in the exosomal fraction ([Fig. 1E](#fig_001){ref-type="fig"}). These RNAs may also participate in the regulation of cumulus cell and MGC functions.

The presence of exosome-like vesicles in ovarian follicles has been reported in several mammals, including horses, cows, and humans, but the cellular origin of exosome-like vesicles in follicular fluid has never been determined. Follicular somatic cells (granulosa cells) might be the main source of exosome-like vesicles in follicular fluid. In addition, the oocytes may produce exosome-like vesicles, since exosome-like vesicles exist in the perivitelline space of oocytes \[[@r56]\]. However, exosome-like vesicles secreted from oocytes may not be able to penetrate through the zona pellucida, since we could not detect any oocyte-specific transcripts in our exosomal fraction (not shown). Moreover, since follicular fluid is composed partly of secreted products from follicular cells and partly of transudates of plasma \[[@r57]\], follicular exosome-like vesicles may originate from both intra- and extra-follicular sources. In fact, exosomes secreted from cancer cells can travel via blood flow over large distances and reach other organs \[[@r2]\]. Identifying the origin of follicular exosome-like vesicles will be a critical next step for understanding the roles of exosome-like vesicles in ovarian function and female fertility.
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